The effect of copper precipitation and the role of carbon in the dislocation dynamics of thermally aged Fe-1%Cu-C alloys are studied by measuring the internal friction coefficient of non-deformed and cold-worked samples in the temperature range from 100 to 600 K. In non-deformed samples we observe a complex behaviour of the Snoek-relaxation peak intensity, which indicates the existence of carbon redistribution governed by the copper precipitation. In cold-worked samples, the behaviour of dislocation-related relaxation processes is explained through an increase in hardening due to copper precipitation at early precipitation stages, and through the carbon redistribution which seems to play a major role in the alloy softening at later precipitation stages.
Introduction
The effects related to copper precipitation in Fe-Cu alloys received a large amount of experimental attention due to their role in the embrittlement and increase in hardness of some reactor pressure vessel (RPV) steels [1] . The copper precipitation can be created by the thermal ageing of supersaturated Fe-Cu solid solution, or under irradiation in medium-copper Fe-Cu alloys [2] [3] [4] [5] [6] . In supersaturated Fe-Cu solid solution, the copper clustering is easily triggered at elevated temperatures as a consequence of low mutual solubility of Fe and Cu. By increasing the size of copper clusters, the increase in hardness occurs as a result of the dislocation-precipitate interaction which reduces the dislocation mobility.
This process does not continue indefinitely, since at later precipitation stages a decrease in number density of precipitates causes an alloy softening (decrease in hardness) [2] .
The influence of carbon to the copper precipitation kinetics and to the dislocation-precipitate interaction are key issues relevant for the understanding of the embrittlement and hardening of copper-rich steels. However, in spite of general understanding of the copper precipitation in Fe-Cu alloys, the role of carbon in the precipitation process, and their overall effect to the dislocation dynamics are not yet fully elucidated. Several interesting results suggest that carbon is not a passive observer of the copper precipitation process. In thermally aged Fe-Cu-Ni steels a decrease of carbon signal is observed in internal friction (IF) experiments, and argued to be a consequence of the carbon segregation at dislocations [7] . In neutron irradiated Fe-Cu alloys [8] , the existence of carbon redistribution is also observed, most probably as a result of the complex interplay between the formation of carbonvacancy complexes and copper precipitation. Moreover, recent theoretical calculations show that vacancies can modify the precipitation kinetics [9] . It is argued that segregation of vacancies at the precipitate interface increases the precipitate mobility, allowing direct precipitate coagulation (the classical coarsening model assumes that the size of precipitates changes by emission or absorption of individual solute atoms). Thus, having in mind a strong affinity of carbon to form carbonvacancy complexes [10] , the role of carbon should not be neglected. Moreover, open questions that could be related to carbon-precipitate-dislocation interplay are the origin of relatively large structural disorder in copper precipitates [11] , and the appearance of new structural phase of copper precipitates below 122 K [12] . The motion of dislocations and their interaction with either light interstitials (carbon) or spatially extended defects such as precipitates are one of the most important causes of the mechanical damping in metals. The resulting energy dissipation is known as an IF effect, and can be observed by measuring time-dependent i.e. anelastic deformation of a solid subjected to an external stress [13] [14] [15] . The ability of IF technique to detect both the carbon relaxation [16] and dislocation-related relaxation processes [17] makes the IF experiment as one of the most suitable techniques to study aforementioned problems. In bcc alloys, such as α-Fe, typical dislocation relaxation process which is observed in the temperature-dependent IF spectra corresponds to the SnoekKöster (SK) peak. This peak is associated with the joint motion of dislocations and carbon atoms [18] . Recently, another peak which appears at lower temperatures (320 K) has been assigned to thermally activated dislocation motion (CWD-peak) [19] . The activation energy of this peak is determined to be of about 1.1 eV, on the basis of the magnetic after-effect and IF spectra. Interestingly, this energy is very close to the activation energy of the γ -peak [20] , typically observed in ultra pure metals.
By measuring the temperature-dependent IF spectra of non-deformed and cold-worked (e.g. the behaviour of the CWD-and SK-peaks) Fe-1%Cu-C alloys, with a variety of copper precipitation stages, we analyse the mutual influence of copper precipitation and carbon distribution to the dislocation dynamics. We found that the growth of copper precipitates at early precipitation stages increases the alloy hardness by hindering the dislocation motion. This is manifested in the IF spectra through an increase in dislocation-related peak intensities. At later precipitation stages, the copper precipitation causes removal of free carbon from the lattice, providing an efficient mechanism for the alloy softening. This is manifested in the spectra by a strong intensity decrease in the Snoek-carbon relaxation process. As a consequence, the peak intensity of the relaxation process which includes combined dislocation-carbon thermal motion (Snoek-Köster peak) exhibits similar behaviour as a function of the ageing time to the Vickers hardness.
Experiment
The Fe-1%Cu-C samples are prepared using an argon-arc melting and zone refinement methods. The details of the sample preparation were published elsewhere [21] . The resulted ingots were then cold-worked after austenization tempering. The chemical composition of the material used in this study is given in table 1.
The various stages of copper precipitation were achieved by a thermal ageing process, which consists of time-dependent heat treatments at 773 K (500
• C) in an argon atmosphere, and subsequent fast quenching into the water. The duration of heat treatments was varied from 0.1 to 480 h. The ageing temperature is chosen to achieve the peak hardening in a reasonable time (15 h) [21, 22] , while different ageing times are chosen to create different hardening stages. The characteristic stages of precipitation hardening and softening are confirmed by Vickers hardness measurements, which are performed using a Vickers pyramid hardness machine with an applied load of 5 kg.
The IF spectra are measured in an inverted torsional pendulum, working at constant frequency of about 1.8 Hz, in the temperature range from 100 to 600 K. From the free decay signal, the resonance frequency, ω, and the IF coefficient, Q −1 , are determined. The Q −1 is proportional to the ratio of the energy dissipated during one cycle to the maximum elastic energy stored in the sample. The measurements have been performed at a strain amplitude of about 10 −4 , in a He atmosphere with a heating rate of about 1.5 K min −1 , and no magnetic field is applied. Since there is no change of the magnetic interaction in these materials in the temperature region considered in this work, the change of the IF background due to application of the magnetic field is a constant value and does not depend on the temperature in this temperature range. Because of that, the measurements of peak intensities with or without the magnetic field will lead to the same results.
The cold-worked samples are prior to the measurements subjected to a torsional cyclic plastic deformation in a consistent way by an angle of π/2 over a length of 30 mm at room temperature. This corresponds to a local deformation of about 6% (πR/L).
Results and discussions
The temperature-dependent IF spectra of thermally aged, nondeformed and cold-worked Fe-1%Cu-C samples are shown in figures 1 and 2, respectively. The spectra are analysed on the basis of standard Debye's relaxation expression [14] :
where ω denotes the angular frequency, is the relaxation strength and τ is the relaxation time τ = τ 0 exp(
) with the activation enthalpy E. The results of the fit, including separate contributions each relaxation process and an exponential background, are shown by full lines in figures 1 and 2.
The IF spectra of non-deformed samples exhibit a single peak, denoted as E ND 1 and centred at about 310 K. The overall shape, the temperature position, and the full width at half maximum (FWHM ∼ 32 K) agree well with previous measurements [16] , so the peak is assigned to the Snoekrelaxation of carbon interstitials.
As a consequence of the plastic deformation, the IF spectra of cold-worked samples exhibit complex structures, see figure 2. In addition to the Snoek-relaxation peak, we observed dislocation-related relaxation processes as well. The IF spectra are analysed on the basis of Debye's relaxation expression, which is generalized to the case of multiple relaxation mechanisms. In the most complex cases, the IF spectra are described with four relaxation peaks, one related to the Snoek-and three to dislocation-relaxations, plus an exponential background. The fact that the dislocation motion is not governed by a single relaxation time, and manifested by a large FWHM of the IF peaks, is accounted for in the model by incorporating a Gaussian distribution of the relaxation times,
The peak parameters extracted from the fit of the sample aged at 773 K for 170 h are presented in table 2.
At short ageing times, the IF spectra show the existence of two structures. The first peak denoted as E CW 1 corresponds to the Snoek-relaxation process [16] . The peak parameters are found to be the same as in the case of non-deformed sample (except of the peak intensities which are discussed below). The second peak is observed at about 500 K and denoted as E 3 in figure 2 . According to the temperature position of the E 3 peak, and since it gains intensity at the expense of the Snoek-peak, the E 3 peak is assigned to the Snoek-Köster (SK) relaxation of carbon atoms in the vicinity of moving dislocations [18, 23] . The IF spectra of the samples aged more than 1 h exhibit an additional broad structure, denoted as E 2 , which is superimposed to the Snoek-peak. This peak has been already observed and analysed by magnetic after-effect and IF spectra of α-Fe and Fe-Cu alloys, and assigned to the relaxation process of thermally activated dislocation motion (CWD-peak). As already discussed [19] , the activation energy of the CWD-peak (1.1 eV) is somewhat different from the γ -relaxation (1.07 eV) [20, 24, 25] , which is typically observed in pure metals. These facts as well as its overall shape indicate that E 2 peak could be equivalent to the double kink- Table 2 . The temperature position (T ), the integrated intensity (I ), and the full width at half maximum (FWHM) of relaxation processes observed in the Fe-1%Cu-C alloy aged at 773 K for 170 h.
FWHM Peak T (K) I (a.u.) (K)
Relaxation process pair relaxation process, which occurs in alloys. Finally, the E 4 -peak centred at about 430 K is observed in the IF spectra of the samples which are aged for more than 120 h. By increasing the ageing time, the main change in the spectra is observed in the behaviour of peak intensities. In fact, except for the peak intensities and the E 2 -peak position, all other peak parameters are constant during fitting. The integrated intensities of all peaks in the IF spectra of nondeformed and cold-work samples are presented in figure 3 as a function of the ageing time. Their behaviour is compared with Vickers hardness measurements which are plotted in figure 3(a) . The E 2 -peak position shifts from 290 K in the sample aged for 3 h up to 330 K in the sample aged for 480 h. However, it is important to note that this peak overlaps with the Snoek-peak, which brings large uncertainties in the CWD-(E 2 ) peak positions (still, by keeping the E 2 constant, qualitatively the same behaviour of peak intensity is obtained). Because of that, in the following we focus only on the relaxationpeak intensities. The integrated intensities of the Snoekpeak, obtained from the IF spectra in both non-deformed and deformed samples, are presented in figure 3(b) . The integrated intensities of the SK-and CWD-peaks are shown in figure 3(c) , and the intensity behaviour of the E 4 -peak is presented in figure 3(d) . The peak hardening is observed at about 15 h, which corresponds to an average cluster radius of about 6 nm [26] . For ageing times lower than 15 h, the precipitates grow in size causing the increase in hardness (also known as precipitation hardening) [27, 28] . After peak hardening, the Cu-clusters transform to the fcc structure [26] , and their number density decreases causing a decrease in hardness (softening).
The growth of copper precipitates strongly affects all relaxation processes. In the case of non-deformed samples, the Snoek-peak intensity exhibits a non-monotonic change at the ageing time of about 1 h, then a strong decrease in the peak hardening regime around 15 h, and the disappearance at high ageing times. Similar behaviour of the Snoek-peak intensity in cold-worked samples is also observed, see figure 3(b) . A decrease in the carbon signal by increasing the ageing time is in agreement with previous observations [7] . The integrated intensities of the Snoek-peak in the cold-worked samples are situated below the curve of non-deformed samples, since a certain amount of carbon is segregated at dislocations during cold-work, causing the redistribution of the carbonrelated peak intensities. Furthermore, the carbon segregation at dislocations in cold-work samples causes an increase of the SK-peak intensity at the expense of the Snoek-peak intensity. Interestingly, the largest difference between non-deformed and cold-worked Snoek-peaks is observed around the peak hardening. This region is shaded in the figure 3(b) , and the difference is plotted in figure 4(a) . This behaviour is directly related to the intensity behaviour of the SK-peak, see figure 3(c) and text below. Moreover, the complete disappearance of the Snoek-peaks (as well as SK-peak see below) indicates that free carbon has been removed from the iron lattice as a result of copper precipitation.
However, the behaviour of CWD-peak intensity (E 2 -peak), figure 3(c), does not show the existence of maximum at 15 h, as one would intuitively expect from Snoek-relaxations behaviors. The CWD-peak exhibits a gradual increase reaching a plateau at about 15 h, and a strong increase at high ageing times, which can be correlated with the Snoek-peak disappearance, see figure 3(b) . The reason for this is the fact that the CWD-peak intensity does not reflect the total dislocation density created by the cold-work, since the contribution of the SK-relaxation to the dislocation density is not taken into account. However, by summing up both CWD-and SK-peak intensities, see figure 4(b), the expected decrease in the dislocation density is still not observed at later precipitation stage, i.e. in the softening regime. This fact indicates that the main contribution to the alloy softening originates from the carbon redistribution rather than from the dislocation number density decrease. Additional argument in favour of this scenario comes from the SK-peak intensity behaviour. The SK-peak intensity follows the behaviour of CWD-peak intensity at low ageing times due to dislocation density increase and since the carbon redistribution is still not pronounced. At high ageing times the decrease in SK-peak intensity correlates with a decrease in the Snoek-peak intensity, due to removal of carbon from the lattice. In fact, an overall behaviour of the SK-peak intensity exhibits similar dependence as a function of the ageing time as the Vickers hardness, see figure 3(a) . If the softening at higher precipitate stages is mainly driven by the carbon redistribution, the softening effect in these alloys should exhibit a strong temperature dependence. The carbon redistribution at high ageing times is manifested by an intensity interplay between CWD-and SK-peaks i.e. by the CWD-intensity increase at the expense of the SK-peak intensity decrease, see figure 3(c) . Because of that, the hardness measured at temperatures below the activation temperature of the CWD-peak, should exhibit less pronounced decrease in comparison with room temperature (in fact with all temperatures above the CWD-relaxation process) measurements. The existence of such non-uniform temperature dependence of mechanical properties in these compounds is indeed already observed in the tensile tests [21] . Namely, the tensile tests of thermally aged Fe-1%Cu-C alloys (the same material is used in this study) show the existence of two regimes in terms of yield stress behaviour. It was found that the samples aged for long times exhibit more abrupt decrease in the yield stress with temperature in comparison with specimens aged for short times. This is equivalent to the lack of softening at low temperatures. Therefore, this observation provides an additional argument in favour of our interpretation in which the Fe-1%Cu-C alloy softening is mainly governed by the carbon redistribution.
The Snoek-peak anomaly at about 1 h ageing time probably indicates the existence of the transition between two regimes with different precipitation kinetics. A similar anomaly is also observed in positron annihilation experiments [6] . Since the presence of vacancies strongly affects the precipitation kinetics [9, 29] as well as the carbon dynamics [30] through the formation of carbon-vacancy complexes, the non-monotonic change at about 1 h could be a consequence of the structural transition of copper precipitates (bcc-9R for example [26] ). However, a more detailed study at very short ageing times (below 1 h) is required to analyse this effect. Moreover, the mechanism responsible for the appearance of E 4 -peak is not yet elucidated. However, in the previous IF study [31] , the discontinuity observed at 420 K in IF spectra of JRQ (Japanese Reference Quality) sample, is attributed to the spontaneous reformation of carbide pinning points along dislocations. This could be the reason for the appearance of E 4 peak in the spectra of plastically deformed Fe-1%Cu-C alloy. Interestingly, the appearance of the E 4 peak clearly correlates with the disappearance of free carbon signal, what is manifested by diminishing of the Snoek-peak. Moreover, the E 4 peak intensity has similar value as the non-deformed Snoekpeak intensity (the sample aged at about 1 h). Because of that, we believe that the E 4 could originate from the relaxation process which incorporates the carbides and dislocations. However, the questions related to these issues are the subject of ongoing research.
Conclusion
Internal friction measurements of thermally aged Fe-1%Cu-C alloys were performed in order to study the effects of copper precipitation and carbon distribution, as well as their mutual effect to the dislocation dynamics. By analysing the peak intensity changes as a function of the ageing time, we found that the growth of copper precipitates strongly affects all relaxation processes in the temperature-dependent internal friction spectra. The hardening regime in these alloys is governed by an increase in the dislocation density due to the growth of copper precipitates. In the softening regime the main effect is the CWD-intensity increase at the expense of the SK-peak intensity decrease, which results from the removal of carbon in the lattice. As a consequence, the Snoek-Köster peak intensity exhibits similar dependence as a function of the ageing time to the Vickers hardness, indicating that carbon redistribution plays a major role in the alloy softening at later precipitation stages.
